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Talk	
  Overview	
  

•  Descrip-on	
  of	
  the	
  Study	
  Process	
  
•  Summary	
  of	
  Community	
  Response	
  
•  Assessment	
  of	
  Science	
  Poten-al	
  
•  Discussion	
  of	
  “architecture	
  space”	
  for	
  GW	
  missions	
  

•  Risk	
  Considera-ons	
  
•  Cost	
  Es-mates	
  
•  Technology	
  Development	
  

•  Conclusions	
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Goals	
  of	
  the	
  Study	
  

•  Explore	
  op-ons	
  for	
  achieving	
  all	
  or	
  part	
  of	
  the	
  LISA	
  
science	
  objec-ves	
  iden-fied	
  as	
  a	
  priority	
  in	
  the	
  2010	
  
Astrophysics	
  Decadal	
  Survey.	
  
•  Ability	
  to	
  address	
  science	
  goals	
  
•  Cost	
  
•  Risk	
  
•  Technical	
  readiness	
  	
  

•  Generalize	
  results	
  of	
  specific	
  op-ons	
  so	
  that	
  future	
  
concepts	
  can	
  be	
  efficiently	
  evaluated.	
  

3	
  August	
  14th,	
  2012	
   PhysPAG	
  Mee-ng	
  –	
  Washington,	
  DC	
  	
  



Study	
  Personnel	
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Study	
  Timeline	
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RFI	
  Released	
  

RFI	
  Responses	
  Due	
  

Workshop	
  

Team-­‐X	
  Studies	
  
• 	
  SGO	
  Mid/High	
  
• 	
  LAGRANGE/	
  McKenzie	
  
• 	
  OMEGA	
  Instrument	
  
• 	
  OMEGA	
  Mission	
  

Sept.	
  27th	
  

Nov.	
  10th	
  

Dec.	
  20-­‐21	
  

Final	
  Report	
  Delivered	
  

March	
  5th	
   April	
  5th	
  	
  

July	
  26th	
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RFI	
  Submissions	
  
•  17	
  Submissions	
  Received	
  

•  12	
  mission	
  concepts	
  

•  3	
  instrument	
  concepts	
  

•  2	
  technologies	
  
•  Ini-al	
  analysis	
  by	
  core	
  team	
  

•  Is	
  it	
  relevant?	
  	
  
•  What	
  are	
  the	
  essen-al	
  features?	
  

•  Is	
  the	
  informa-on	
  complete?	
  

•  Valid	
  sensi-vity	
  curves?	
  
•  Group	
  for	
  analysis	
  
•  Preliminary	
  science	
  assessment	
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Group	
  1:	
  LISA-­‐like	
  

SGO	
  High	
   SGO	
  Mid	
   SGO	
  Low	
   SGO	
  Lowest	
   Shao	
  

Constella-on	
  
3-­‐S/C	
  triangle	
  
	
  (six	
  5	
  Gm	
  links)	
  

3-­‐S/C	
  triangle	
  	
  
(six	
  1	
  Gm	
  links)	
  

4-­‐S/C	
  Vee	
  	
  
(four	
  1	
  Gm	
  

links)	
  

3-­‐S/C	
  in-­‐line	
  
(one	
  4	
  Gm	
  link	
  
one	
  2	
  Gm	
  link)	
  

3-­‐S/C	
  triangle	
  
(six	
  5	
  Gm	
  links)	
  

Iner-al	
  
Reference	
  

LPF	
  design(2	
  per	
  
S/C)	
  

LPF	
  design	
  (2	
  
per	
  S/C)	
  

LPF	
  design	
  (1	
  
per	
  S/C)	
  

LPF	
  design	
  (1	
  
per	
  S/C)	
  

Torsion	
  
pendulum	
  

Displacement	
  
Measurement	
  

LISA	
  IMS	
  (40cm,	
  
1.2W)	
  

LISA-­‐like	
  IMS	
  
(25cm,	
  0.7W)	
  

LISA-­‐like	
  IMS	
  
(25cm,	
  0.7W)	
  

LISA-­‐like	
  IMS	
  
(25cm,	
  0.7W)	
   unspecified	
  

Cruise	
  /	
  
Science	
  /	
  

Extended	
  (mo)	
  
14	
  /	
  60	
  /	
  42	
   21/24/	
  24	
   21/24/24	
   18/2/0	
   unspecified	
  

Es-mated	
  cost	
   $1.6B	
   $1.4B	
   $1.4B	
   $1.2B	
   $1B	
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Included	
  in	
  Team-­‐X	
  Study	
  

NOTE:	
  Informa-on	
  is	
  as-­‐submided	
  by	
  RFI	
  respondents	
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Group	
  2:	
  Non	
  drag-­‐free	
  

LAGRANGE	
  
(McKenzie)	
  

Folkner,	
  et	
  al.	
  

Orbit	
   Earth-­‐Sun	
  L2	
  +	
  Heliocentric	
   Heliocentric	
  

Constella-on	
  
3-­‐S/C	
  164o	
  triangle	
  (four	
  

20Gm	
  links	
  
3-­‐S/C	
  triangle	
  (six	
  260Gm	
  

links)	
  

Force	
  measurement	
  system	
  
Solar	
  wind	
  monitor,	
  
radia-on	
  monitor,	
  
accelerometer	
  

Solar	
  wind	
  monitor,	
  
radia-on	
  monitor	
  

Displacement	
  
Measurement	
  

LISA-­‐like	
  IMS	
  (40cm,	
  1.2W)	
   LISA-­‐like	
  IMS	
  (30cm,	
  1.0W)	
  

Cruise	
  /	
  Science	
  /	
  Extended	
  
(mo)	
  

?	
  /	
  24	
  /	
  0	
   ?/36/	
  ?	
  

Es-mated	
  cost	
   $1.1B	
   $1.0B	
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Included	
  in	
  Team-­‐X	
  Study	
  

NOTE:	
  Informa-on	
  is	
  as-­‐submided	
  by	
  RFI	
  respondents	
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Group	
  3:	
  Geocentric	
  

GEOGRAWI	
   GADFLI	
   OMEGA	
  
LAGRANGE	
  
(Conklin)	
  

Orbit	
   Geosta-onary	
   Equatorial,	
  geosta-onary	
  
600,000	
  km	
  geocentric,	
  

earth-­‐moon	
  plane	
  
(retrograde)	
  

Earth-­‐Moon	
  L3,	
  L4,	
  L5	
  

Constella-on	
  
3-­‐S/C	
  triangle	
  (73	
  

Mm)	
  
3-­‐S/C	
  triangle	
  (73	
  

Mm)	
  
6-­‐S/C	
  triangle	
  	
  

(1	
  Gm)	
  
3-­‐S/C	
  triangle	
  (0.7	
  

Gm)	
  

Iner-al	
  Reference	
  
Spherical	
  (1	
  per	
  S/

C)	
  
LPF	
  design	
  (2	
  per	
  

S/C)	
  
ONERA	
  design	
  (1	
  

per	
  S/C)	
  
Spherical	
  (1	
  per	
  S/

C)	
  

Displacement	
  
Measurement	
  

LISA	
  IMS	
  (40cm,	
  
1.2W)	
  

LISA-­‐like	
  IMS	
  
(25cm,	
  0.7W)	
  

Lightweight	
  IMS	
  
(30cm,	
  0.7W)	
  

LISA-­‐like	
  IMS	
  
(20cm,	
  1W)	
  

Cruise	
  /	
  Science	
  /	
  
Extended	
  (mo)	
  

?	
  /	
  24	
  /	
  ?	
   ?/24/	
  ?	
   12/36/	
  ?	
   ?	
  /	
  60	
  /	
  ?	
  

Es-mated	
  cost	
   $1.1B	
   $1.2B	
   $0.3B	
   $1.0B	
  

PhysPAG	
  Mee-ng	
  –	
  Washington,	
  DC	
  	
   9	
  

Included	
  in	
  Team-­‐X	
  Study	
  

NOTE:	
  Informa-on	
  is	
  as-­‐submided	
  by	
  RFI	
  respondents	
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Group	
  4:	
  Other	
  

InSpRL	
   Yu,	
  et	
  al.	
   Gulian,	
  et	
  al.	
  
Key	
  Idea	
   Atom-­‐interferometry	
  for	
  

iner-al	
  reference	
  and	
  -me	
  
of	
  flight	
  

Atom	
  interferometry	
  for	
  
iner-al	
  reference	
   Superconduc-ng	
  detector	
  

Constella-on	
   2	
  S/C	
  in-­‐line	
  
(two	
  500km	
  links)	
  

LISA-­‐like	
   Not	
  specifcied	
  

Cruise	
  /	
  Science	
  /	
  
Extended	
  (mo)	
  

Not	
  specified	
   LISA-­‐like	
   Not-­‐specified	
  

Es-mated	
  cost	
   $0.7B	
   N/A	
   Not	
  specified	
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NOTE:	
  Informa-on	
  is	
  as-­‐submided	
  by	
  RFI	
  respondents	
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Ra-onale	
  for	
  Team-­‐X	
  Study	
  

•  Each	
  mission	
  concept	
  represents	
  a	
  point	
  in	
  a	
  mul--­‐dimensional	
  “architecture	
  space”	
  

•  Study	
  missions	
  to	
  cover	
  interes-ng	
  regions	
  of	
  that	
  space	
  

•  Draw	
  abstract	
  conclusions	
  about	
  architecture	
  choices	
  as	
  opposed	
  to	
  specific	
  mission	
  
concepts.	
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Geosta-onary	
  
Large	
  	
  

Heliocentric	
  
Small	
  	
  

Heliocentric	
  
Hybrid	
  

Large	
  	
  
Geocentric	
  

Orbits	
  

Two	
   Six	
  Four	
  

#	
  of	
  links	
  

Two	
   Six	
  Four	
  

Years	
  of	
  Science	
  Opera-ons	
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Concept	
  1:	
  SGO	
  Mid	
  
LISA-­‐like	
  design	
  with	
  shorter	
  arms,	
  smaller	
  telescope,	
  smaller	
  laser,	
  driu-­‐away	
  orbits…	
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SGO	
  High	
  (LISA	
  as	
  single-­‐agency)	
  studied	
  as	
  delta	
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Concept	
  2:	
  LAGRANGE	
  
Eliminate	
  drag-­‐free	
  iner-al	
  reference	
  in	
  favor	
  of	
  geometric	
  suppression	
  and	
  force	
  

measurement	
  system	
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Solar	
  wind	
  &	
  
radiometer	
  
instruments	
  

Telescopes	
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Concept	
  3:	
  OMEGA	
  

Geocentric	
  constella-on	
  of	
  six	
  spacecrau	
  (two	
  per	
  vertex)	
  in	
  6x105	
  km	
  orbit.	
  Single	
  
launch	
  and	
  serial	
  deployment	
  by	
  a	
  carrier	
  S/C.	
  Lightweight	
  payload	
  and	
  S/C	
  

PhysPAG	
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Op-on	
  1:	
  Conserva-ve	
  payload	
  es-mates,	
  Team-­‐X	
  schedule	
  
Op-on	
  2:	
  Aggressive	
  payload	
  es-mates,	
  customer	
  schedule	
  

NOTE:	
  Spacecrau	
  design	
  reflects	
  
Team-­‐X	
  modifica-ons	
  to	
  RFI	
  
submission	
  design.	
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Science	
  Performance	
  Analysis	
  

Decadal	
  Endorsement	
  

•  Measurements	
  of	
  black	
  hole	
  mass	
  and	
  spin	
  will	
  be	
  important	
  for	
  
understanding	
  the	
  significance	
  of	
  mergers	
  in	
  the	
  building	
  of	
  galaxies;	
  	
  

•  Detec-on	
  of	
  signals	
  from	
  stellar-­‐mass	
  compact	
  stellar	
  remnants	
  as	
  they	
  orbit	
  
and	
  fall	
  into	
  massive	
  black	
  holes	
  would	
  provide	
  exquisitely	
  precise	
  tests	
  of	
  
Einstein’s	
  theory	
  of	
  gravity;	
  and	
  	
  

•  Poten-al	
  for	
  discovery	
  of	
  waves	
  from	
  unan-cipated	
  or	
  exo-c	
  sources,	
  such	
  as	
  
backgrounds	
  produced	
  during	
  the	
  earliest	
  moments	
  of	
  the	
  universe	
  or	
  cusps	
  
associated	
  with	
  cosmic	
  strings.	
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Science	
  Assessment	
  Ac-vi-es	
  
•  Validate	
  sensi-vity	
  curves	
  

•  Preliminary	
  analyses	
  for	
  most	
  concepts	
  (data	
  quan-ty)	
  

•  Detailed	
  analysis	
  for	
  a	
  few	
  concepts	
  (data	
  quality)	
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Sensi-vity	
  Curve	
  Comparison 	
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Massive	
  Black	
  Hole	
  Binaries	
  
Structure	
  forma-on,	
  Black	
  Hole	
  growth,	
  Black	
  Hole	
  seeds,	
  GR	
  tests,	
  cosmology…	
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Extreme	
  Mass	
  Ra-o	
  Inspirals	
  (EMRIs)	
  
Strong	
  gravity	
  probe,	
  GR	
  tests,	
  compact	
  object	
  astrophysics	
  …	
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Galac-c	
  Binaries	
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  compact	
  object	
  demographics,	
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  structure,	
  
fundamental	
  physics…	
  

In
di
vi
du

al
ly
	
  	
  R
es
ol
ve
d	
  
Bi
na
ri
es
	
  

SG
O
	
  H
ig
h	
  

Co
nk
lin
	
  

SG
O
	
  M

id
	
  

O
M
EG

A
	
  

LA
G
RA

N
G
E4
0	
  

SG
O
	
  L
ow

	
  

G
A
D
FL
I	
  0
.1
	
  

LA
G
RA

N
G
E2
0	
  

Fo
lk
ne

r	
  

G
EO

G
RA

W
I-­‐L
IS
A
	
  

G
A
D
FL
I	
  1
.0
	
  

SG
O
	
  L
ow

es
t	
  

G
EO

G
RA

W
I	
  1
	
  

G
A
D
FL
I	
  1
0	
  

G
EO

G
RA

W
I	
  2
	
  

August	
  14th,	
  2012	
  



Discovery	
  Space	
  
Stochas-c	
  backgrounds,	
  cosmic-­‐strings,	
  unknown	
  unknowns…	
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Black	
  Hole	
  Parameter	
  Es-ma-on	
  
Not	
  just	
  how	
  many,	
  but	
  how	
  well-­‐measured	
  (masses,	
  spins,	
  distance,	
  sky	
  posi-on…)	
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Science	
  Summary	
  for	
  Team-­‐X	
  Missions	
  
Metric	
  of	
  choice	
  depends	
  on	
  science	
  interests.	
  Uncertain-es	
  reflect	
  our	
  astrophysical	
  

ignorance	
  and	
  hence	
  the	
  discovery	
  poten-al.	
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Metric	
   SGO	
  High	
   SGO	
  Mid	
  
LAGRANGE	
  
(McKenzie)	
  

OMEGA	
  

Total	
  MBH	
  detected	
   108-­‐220	
   41-­‐52	
   37-­‐45	
   21-­‐32	
  

MBH	
  w/	
  z	
  >	
  10	
   3-­‐57	
   1-­‐4	
   1-­‐5	
   1-­‐6	
  

MBH	
  w/	
  mass	
  errors	
  <	
  1%	
   67-­‐171	
   18-­‐42	
   8-­‐25	
   11-­‐26	
  

MBH	
  w/	
  both	
  spins	
  <	
  1%	
   1-­‐17	
   <	
  1	
   0	
   <	
  1	
  

MBH	
  w/	
  distance	
  <	
  3%	
   81-­‐108	
   12-­‐22	
   2-­‐6	
   10-­‐17	
  

MBH	
  w/	
  loca-on	
  <	
  1	
  deg2	
   71-­‐112	
   14-­‐21	
   2-­‐4	
   15-­‐18	
  

MBH	
  w/	
  loca-on	
  <	
  0.1deg2	
   22-­‐51	
   4-­‐8	
   <1	
   5-­‐8	
  

Total	
  EMRIs	
  (*/÷	
  10)	
   800	
   35	
   20	
   15	
  

Total	
  WD	
  binaries	
  (resolved)	
   4x104	
   7x103	
   5x103	
   5x103	
  

WD	
  binaries	
  with	
  3D	
  posi-on	
   8x103	
   8x102	
   5x102	
   1.5x102	
  

Stochasic	
  Background	
   1.0	
   0.2	
   0.15*	
   0.25	
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Science	
  Findings	
  
•  Several	
  mission	
  concepts,	
  including	
  those	
  studied	
  by	
  Team	
  X,	
  were	
  found	
  

to	
  be	
  capable	
  of	
  delivering	
  a	
  significant	
  frac-on	
  of	
  the	
  LISA	
  science	
  related	
  
to	
  massive	
  black	
  hole	
  mergers	
  and	
  galac-c	
  binaries.	
  

•  The	
  science	
  of	
  compact	
  object	
  captures	
  (EMRI	
  systems)	
  may	
  be	
  at	
  risk	
  due	
  
to	
  significantly	
  reduced	
  detec-on	
  numbers	
  rela-ve	
  to	
  the	
  LISA	
  mission.	
  

•  Concepts	
  with	
  three	
  arms	
  significantly	
  improve	
  parameter	
  es5ma5on	
  over	
  
two-­‐arm	
  designs	
  for	
  black	
  holes	
  and	
  enhance	
  the	
  ability	
  to	
  detect	
  un-­‐
an5cipated	
  signals.	
  

•  Addi-onal	
  years	
  of	
  science	
  observa-ons	
  produce	
  more	
  science	
  return	
  for	
  
very	
  modest	
  expense.	
  

•  Gravita-onal-­‐wave	
  astrophysics	
  and	
  data	
  analysis	
  research	
  has	
  had	
  a	
  
major	
  impact	
  on	
  the	
  an-cipated	
  science	
  return	
  from	
  gravita-onal	
  wave	
  
missions	
  and	
  has	
  the	
  poten-al	
  to	
  con-nue	
  doing	
  so.	
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GW	
  Mission	
  “Architecture”	
  choices	
  

•  What	
  are	
  the	
  nominal	
  trajectories	
  of	
  the	
  test	
  masses?	
  
•  Orbit	
  choices	
  /	
  Mission	
  design	
  

•  What	
  physical	
  objects	
  define	
  the	
  iner-al	
  test	
  par-cles?	
  
•  Iner-al	
  Reference	
  Design	
  

•  How	
  are	
  -me-­‐of-­‐flight	
  measurements	
  realized?	
  
•  Time	
  of	
  flight	
  measurement	
  design	
  

•  What	
  spacecrau	
  requirements	
  result?	
  
•  Flight	
  System	
  Design	
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6 Scientific Objectives

t
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×

Figure 2.2.: A cartoon illustrating the passage of a gravitational wave through a ring of masses. Four phases of one cycle

of the spatial distortion by a wave normal to the plane of the figure are shown both for the plus (“+”, upper

row) and cross (“×”, lower row) polarisations. Three of the masses in the ring are used to represent the three

LISA spacecraft, and the time-varying changes in the red arms show what the LISA interferometer would

measure.

According to GR, gravitational waves propagate at the speed of light, acting tidally by stretching and squeezing

any extended distribution of matter or energy through which they pass. This warping action is transverse to

the direction of wave propagation. Gravitational waves contain two dynamical degrees of freedom, which can

be identified with the “+” (plus) and “×” (cross) polarisations, corresponding to the axes associated with the

stretching and squeezing (see figure 2.1). A pure “+” polarisation squeezes along the x-axis and stretches along

the y-axis, and then the other way round one half-cycle later (figure 2.2). It is a particular property of GR that

gravitational waves come in only two polarisations. Other theories of gravity predict as many as five different

polarisations and the absence (or indeed presence) of such polarisations will serve as a further test of GR (Eardley

et al., 1973).

Just as electromagnetic waves are generated by accelerated charges, gravitational waves are generated by

accelerated masses. Because of charge conservation, an oscillating charge dipole is the lowest-order time

dependent distribution that can produce electromagnetic waves; because of mass and momentum (i.e., mass

dipole) conservation, a variable mass quadrupole is needed to produce gravitational waves – technically it is the

second time derivative of the transverse-traceless part of the quadrupole moment that generates gravitational

waves.

Electromagnetic waves arise from the interactions of atoms, nuclei, or other particles within astrophysical

sources and they are typically generated in numerous individual emitting volumes, much smaller than the

astrophysical object of interest, so the wavelength of radiation is also much smaller than the object. For this

reason, electromagnetic waves permit us to image the object if it is close enough or big enough. But the

short wavelength has a disadvantage: typically, we receive an incoherent superposition of radiation from many

independent regions in the source. If the source is not close enough to be resolved, then it is often a difficult and

uncertain job to model the emission process well enough to go from the information we get about many different

wavelength-scale regions up to the much larger scale of the entire astrophysical system.

By contrast, gravitational waves are generated by the bulk mass distribution of the objects, so their wavelength

is typically comparable to or larger than the size of the entire emitting region, e.g. for two black holes orbiting

each other and losing energy by gravitational radiation, the wavelength of the gravitational waves is 10 to 20 times

the radius of the orbit. Thus, gravitational wave observations do not generally allow imaging, and the extraction

of information from waveforms proceeds, e.g., with audio-like methods such as time-frequency analysis or

matched filtering. Because gravitational waves are emitted coherently from the entirety of the astrophysical

object, they provide direct information about the object’s large-scale structure. Moreover, observations of

gravitational waves allow us to extract information from the phase of the wave as well as its amplitude or
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Orbits	
  &	
  Trajectories	
  
•  Impacts	
  

•  Payload	
  requirements:	
  Doppler	
  shius,	
  poin-ng	
  angles,	
  etc.	
  
•  Spacecrau	
  requirements:	
  thermal	
  environment,	
  radia-on,	
  

communica-ons	
  
•  Science:	
  modula-on	
  for	
  parameter	
  es-ma-on	
  &	
  sky	
  coverage	
  
•  Mission	
  design:	
  Launch	
  vehicle,	
  propulsion	
  module(s)	
  

•  Choices	
  
•  “small”	
  geocentric	
  (geosta-onary)	
  
•  Large	
  geocentric	
  
•  geo-­‐/heliocentric	
  hybrids	
  
•  Heliocentric	
  driu	
  away	
  
•  Sta-onary	
  Heliocentric	
  
•  Large	
  Heliocentric	
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Orbits	
  &	
  Trajectories	
  Findings	
  

•  Choices	
  of	
  orbits	
  and	
  trajectories	
  have	
  an	
  immediate	
  impact	
  on	
  propulsion	
  
requirements,	
  but	
  they	
  also	
  have	
  consequences	
  for	
  the	
  payload,	
  flight	
  
system,	
  and	
  launch	
  vehicle.	
  

•  Contrary	
  to	
  expecta5ons,	
  high	
  geocentric	
  orbits	
  have	
  no	
  significant	
  
propulsion	
  savings	
  over	
  heliocentric	
  orbits.	
  

•  Heliocentric	
  missions	
  are	
  favored	
  with	
  respect	
  to	
  spacecrau	
  thermal	
  
stability	
  related	
  to	
  solar	
  flux.	
  

•  Stable	
  orbits,	
  possibly	
  with	
  sta-onkeeping,	
  allow	
  extended	
  missions.	
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Iner-al	
  Reference	
  

•  Importance	
  
•  reference	
  point	
  for	
  GW	
  measurement	
  

•  Determines	
  sensi-vity	
  at	
  low	
  frequencies	
  

•  Op-ons	
  
•  Drag-­‐free	
  test	
  mass	
  (LISA,	
  LPF,	
  many	
  submissions)	
  

•  Use	
  S/C,	
  measure	
  and	
  correct	
  non-­‐iner-al	
  forces	
  

•  Atom	
  interferometers	
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Proposed	
  Atom	
  Interferometer	
  Iner-al	
  Sensor	
  (Yu,	
  et	
  al.)	
   LPF	
  iner-al	
  sensor	
  in	
  ground-­‐tes-ng	
  



Iner-al	
  Reference	
  Findings	
  
•  The	
  es-mated	
  cost	
  of	
  the	
  iner-al	
  reference	
  instrumenta-on	
  for	
  the	
  

missions	
  studied	
  by	
  Team	
  X	
  does	
  not	
  vary	
  significantly	
  and	
  is	
  not	
  a	
  major	
  
contributor	
  to	
  the	
  overall	
  mission	
  cost.	
  

•  The	
  LPF	
  GRS	
  is	
  the	
  most	
  highly	
  developed	
  iner5al	
  reference,	
  and	
  therefore	
  
the	
  least	
  risky.	
  

•  The	
  non-­‐drag-­‐free	
  approach	
  is	
  poten-ally	
  interes-ng	
  in	
  the	
  unlikely	
  event	
  
that	
  a	
  serious	
  flaw	
  with	
  the	
  drag-­‐free	
  design	
  is	
  uncovered	
  by	
  LPF.	
  However,	
  
the	
  non-­‐drag-­‐free	
  approach	
  brings	
  a	
  different	
  set	
  of	
  risks,	
  some	
  of	
  which	
  
are	
  poten-ally	
  severe,	
  that	
  would	
  require	
  further	
  study	
  if	
  this	
  approach	
  is	
  
to	
  be	
  pursued.	
  

•  Refinement	
  or	
  enhancement	
  of	
  GRS	
  technologies	
  have	
  the	
  poten-al	
  to	
  
reduce	
  risk,	
  reduce	
  cost,	
  or	
  improve	
  measurement	
  performance	
  but	
  will	
  
not	
  enable	
  a	
  Probe-­‐class	
  mission.	
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Time	
  of	
  Flight	
  Measurement	
  
•  Importance	
  

•  Used	
  to	
  detect	
  geodesic	
  devia-on	
  
•  Determines	
  high-­‐frequency	
  sensi-vity	
  

•  Choices	
  
•  Laser	
  Interferometry	
  (LIGO,	
  LISA,	
  all	
  but	
  one	
  

RFI	
  concept)	
  
•  Atom	
  Interferometry	
  (Saif,	
  et	
  al.)	
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Time	
  of	
  Flight	
  Measurement	
  Findings	
  

•  The	
  LISA-­‐derived	
  Interferometric	
  Measurement	
  System	
  (IMS)	
  employed	
  by	
  
SGO	
  High	
  and	
  SGO	
  Mid	
  is	
  a	
  well-­‐developed,	
  low-­‐risk	
  concept	
  capable	
  of	
  
mee5ng	
  the	
  measurement	
  requirements.	
  

•  The	
  non-­‐drag-­‐free	
  approach	
  brings	
  an	
  addi-onal	
  risk	
  associated	
  with	
  
rela-ve	
  mo-on	
  between	
  the	
  spacecrau	
  center	
  of	
  mass	
  and	
  the	
  fiducial	
  
op-c.	
  Mi-ga-ng	
  this	
  effect	
  may	
  place	
  severe	
  requirements	
  on	
  the	
  thermal,	
  
mechanical,	
  and	
  gravita-onal	
  stability	
  of	
  the	
  spacecrau.	
  Further	
  study	
  
would	
  be	
  required	
  to	
  assess	
  this.	
  

•  Refinement	
  or	
  enhancement	
  of	
  core	
  interferometry	
  technologies	
  have	
  the	
  
poten-al	
  to	
  reduce	
  risk,	
  reduce	
  cost,	
  or	
  improve	
  measurement	
  
performance	
  but	
  will	
  not	
  enable	
  a	
  Probe-­‐class	
  mission.	
  

PhysPAG	
  Mee-ng	
  –	
  Washington,	
  DC	
  	
   30	
  August	
  14th,	
  2012	
  



Flight	
  System	
  Design	
  
•  Standard	
  Mission:	
  instrument	
  is	
  payload	
  in	
  the	
  spacecrau	
  

•  GW	
  Mission:	
  constella5on	
  of	
  spacecraN	
  is	
  the	
  instrument	
  
•  Tightly	
  integrated	
  design	
  

•  Thermal	
  

•  vibra-onal	
  
•  Self-­‐gravity	
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Flight	
  System	
  Findings	
  
•  All	
  mission	
  concepts	
  considered	
  require	
  a	
  spacecrau	
  bus	
  with	
  unusual	
  

requirements	
  on	
  mechanical	
  stability,	
  thermal	
  stability	
  and	
  gravita-onal	
  
stability.	
  Mee-ng	
  these	
  requirements	
  leads	
  to	
  a	
  payload	
  and	
  bus	
  that	
  are	
  
-ghtly	
  integrated	
  during	
  design,	
  development,	
  test,	
  and	
  opera-ons.	
  

•  The	
  design	
  of	
  the	
  flight	
  system	
  influences	
  the	
  poten-al	
  for	
  extended	
  
opera-on	
  of	
  the	
  mission.	
  

•  Of	
  the	
  missions	
  studied	
  by	
  Team	
  X,	
  the	
  flight	
  systems	
  of	
  SGO	
  High	
  and	
  SGO	
  
Mid	
  are	
  most	
  mature	
  and	
  appear	
  lowest	
  risk.	
  

•  The	
  requirements	
  placed	
  on	
  the	
  spacecrau	
  bus	
  for	
  a	
  non-­‐drag-­‐free	
  design	
  
are	
  different	
  than	
  those	
  for	
  a	
  drag-­‐free	
  design	
  and	
  are	
  less	
  well	
  
understood.	
  Further	
  work	
  would	
  be	
  necessary	
  to	
  determine	
  the	
  exact	
  
nature	
  of	
  these	
  requirements	
  and	
  the	
  resul-ng	
  implica-ons	
  for	
  the	
  flight	
  
system.	
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Speaker	
  change…	
  



Risk	
  Assessment	
  
•  Why	
  important?	
  

•  Trading	
  cost	
  for	
  risk	
  is	
  one	
  way	
  to	
  reduce	
  cost	
  

•  Need	
  to	
  iden-fy	
  risks	
  and	
  balance	
  them	
  against	
  cost	
  

•  Team	
  X	
  considered	
  some	
  Proposal,	
  Cost,	
  Schedule,	
  and	
  Mission	
  Risks,	
  as	
  well	
  
as	
  some	
  Technical	
  and	
  Technology	
  Development	
  Risks	
  

•  Team	
  X	
  did	
  NOT	
  consider	
  heritage	
  and	
  maturity	
  of	
  concepts,	
  nor	
  did	
  they	
  
consider	
  science	
  instrumenta-on	
  risks	
  

•  Risks	
  are	
  categorized	
  by	
  how	
  the	
  outcome	
  affects	
  a	
  mission:	
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Risks	
  Common	
  to	
  All	
  (Team	
  X	
  studied)	
  Missions	
  

•  Mission	
  Risks	
  

•  Astrophysical	
  event	
  rates	
  are	
  lower	
  than	
  expected	
  

•  Instrumenta-on	
  risk	
  

•  Photoreceiver	
  development	
  

•  Proposal	
  risk	
  
•  Not	
  possible	
  to	
  do	
  a	
  credible	
  mission	
  test	
  under	
  flight-­‐like	
  condi-ons	
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Only	
  mi-ga-on	
  is	
  to	
  increase	
  mission	
  life-mes	
  

Likely	
  a	
  misunderstanding:	
  baseline	
  photoreceivers	
  meet	
  all	
  
performance	
  requirements	
  

No	
  mi-ga-on	
  possible	
  other	
  than	
  careful	
  test	
  planning	
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Risk	
  Assessment:	
  All	
  risks	
  compared	
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Risk	
   Title	
   Likelihood	
   Impact	
  

LAGRANGE-­‐12	
   Thermal-­‐elasRc	
  effects	
   4	
   4	
  

OMEGA(2)-­‐13	
   Staffing/destaffing	
   5	
   3	
  

OMEGA(2)-­‐14	
   Schedule	
  too	
  short	
   5	
   3	
  

OMEGA-­‐17	
   OpRcal	
  filter	
  required	
   4	
   5	
  

OMEGA-­‐18	
   Fiber	
  phase	
  noise	
   4	
   5	
  

H
ig
h	
  
Ri
sk
s	
  

Team	
  X	
  assessment	
  plus	
  Core	
  Team	
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Risk	
  Findings	
  

•  A	
  three-­‐arm	
  design	
  has	
  lower	
  risk	
  than	
  a	
  similar	
  two-­‐arm	
  design,	
  allowing	
  for	
  
graceful	
  degrada-on	
  

•  Three	
  dual-­‐string	
  spacecrau	
  appear	
  to	
  be	
  more	
  robust	
  than	
  six	
  single-­‐string	
  
spacecrau	
  for	
  most	
  mission	
  failures	
  

•  A	
  non-­‐drag-­‐free	
  architecture	
  introduces	
  significant	
  addi-onal	
  risk	
  

•  Overlapping	
  construc-on	
  of	
  mul-ple	
  units	
  adds	
  significant	
  schedule	
  risk.	
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Cost	
  Es-mates	
  
•  Common	
  assump-ons	
  for	
  uniformity:	
  

•  Class	
  B	
  (single	
  fault	
  tolerant	
  by	
  design)	
  
•  All	
  technologies	
  assumed	
  to	
  be	
  TRL	
  6	
  
•  Only	
  NLS-­‐II	
  launch	
  vehicles	
  considered	
  
•  Mass	
  margins	
  of	
  53%	
  	
  
•  power	
  margins	
  of	
  43%	
  	
  
•  30%	
  cost	
  reserve	
  added	
  to	
  Phase	
  A-­‐E	
  	
  
•  single-­‐center,	
  in-­‐house	
  build	
  

•  Team	
  X	
  process:	
  
•  uses	
  JPL-­‐proprietary	
  databases	
  
•  bodom	
  up	
  es-mates	
  from	
  discipline	
  leads,	
  including	
  labor	
  hours	
  
•  Analogous	
  and	
  parametric	
  models	
  used	
  where	
  COTS	
  not	
  available	
  
•  Tools	
  es-mate	
  associated	
  costs	
  such	
  as	
  management,	
  system	
  engineering,	
  

mission	
  assurance,	
  etc	
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Cost	
  Es-mates	
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Cost	
  Es-mates:	
  Importance	
  of	
  Schedule	
  
•  Schedule	
  strongly	
  affects	
  cost	
  es-mates	
  

•  Marching	
  army	
  costs	
  and	
  overhead	
  included	
  

•  Omega-­‐2	
  schedule	
  not	
  formally	
  supported	
  by	
  Team	
  X;	
  
es-mate	
  developed	
  anyway	
  	
  to	
  explore	
  trade	
  space	
  

•  Es-mated	
  phase	
  C/D	
  burn	
  rate	
  of	
  ~	
  $100M/yr	
  
•  Measure	
  of	
  how	
  scheduled	
  risk	
  may	
  convert	
  to	
  cost	
  growth	
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Cost	
  Es-mates:	
  Generic	
  Mission	
  Es-mate	
  
•  Lowest	
  cost	
  mission	
  possible	
  using	
  Team	
  X	
  data	
  

•  Assump-ons:	
  
•  No	
  NRE	
  (mass	
  produced,	
  off-­‐the-­‐shelf)	
  

•  Single	
  launch	
  

•  (no	
  separate	
  cruise	
  vehicle	
  or	
  prop	
  module)	
  

•  Three	
  iden-cal	
  spacecrau	
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Cost	
  Findings	
  
•  The	
  choice	
  of	
  heliocentric	
  versus	
  geocentric	
  mission	
  designs	
  does	
  not	
  seem	
  to	
  

be	
  a	
  significant	
  cost	
  driver	
  

•  Reducing	
  a	
  three-­‐arm	
  design	
  to	
  two	
  arms	
  will	
  not	
  necessarily	
  reduce	
  the	
  cost	
  
significantly	
  

•  Elimina-ng	
  a	
  drag-­‐free	
  iner-al	
  reference	
  achieves	
  at	
  most	
  modest	
  savings	
  

•  Op-mizing	
  the	
  build	
  plan	
  could	
  be	
  a	
  source	
  of	
  modest	
  saving	
  

•  In	
  all	
  cases,	
  the	
  Team	
  X	
  es-mated	
  costs	
  were	
  found	
  to	
  be	
  well	
  over	
  $1B,	
  thus	
  
pu~ng	
  the	
  mission	
  in	
  the	
  Flagship	
  class	
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Technology	
  Development:	
  Importance	
  
•  Exis-ng	
  workshare	
  agreement	
  (2004)	
  

•  ensures	
  coverage	
  of	
  all	
  cri-cal	
  technologies	
  by	
  at	
  least	
  one	
  
partner	
  

•  Encourages	
  both	
  partners	
  to	
  pursue	
  as	
  many	
  development	
  
ac-vi-es	
  as	
  possible	
  

•  European	
  investment	
  >>	
  US	
  investment	
  
•  LISA	
  Pathfinder	
  

•  Separate	
  ESA-­‐sponsored	
  tech	
  development	
  funding	
  program	
  for	
  
universi-es	
  (~	
  10M	
  Euro/yr	
  for	
  >	
  5	
  years)	
  

•  ESA	
  Member	
  State	
  Na-onal	
  investments	
  

•  Strategy	
  depends	
  on	
  partnership	
  	
  best	
  to	
  be	
  flexible!	
  
•  ESA	
  or	
  NASA	
  led	
  or	
  equal	
  partners	
  

•  bi-­‐	
  or	
  mul--­‐lateral?	
  

•  Focus	
  on	
  system-­‐level	
  work	
  (i.e.	
  testbeds)	
  

•  Science	
  source	
  work	
  is	
  also	
  cri-cal	
  (parameter	
  es-ma-on,	
  data	
  
analysis	
  and	
  understanding	
  of	
  sources)	
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Technology	
  Findings	
  
•  No	
  new	
  or	
  unproven	
  technology	
  is	
  needed	
  to	
  enable	
  a	
  LISA-­‐like	
  mission	
  

such	
  as	
  SGO	
  High	
  or	
  SGO	
  Mid	
  

•  Refinement	
  and	
  enhancement	
  of	
  core	
  LISA	
  technologies	
  could	
  provide	
  
cost,	
  risk	
  or	
  performance	
  benefits	
  that	
  integrate	
  to	
  a	
  moderate	
  effect	
  on	
  
the	
  mission	
  as	
  a	
  whole,	
  but	
  will	
  not	
  enable	
  a	
  Probe-­‐class	
  mission	
  

•  Coordinated	
  and	
  sustained	
  US	
  investment	
  in	
  core	
  LISA	
  technologies	
  will	
  
preserve	
  the	
  US	
  research	
  capability	
  and	
  support	
  mission	
  opportuni5es	
  on	
  a	
  
variety	
  of	
  5me	
  scales	
  for	
  a	
  variety	
  of	
  partnering	
  arrangements	
  

•  System	
  testbeds	
  for	
  drag-­‐free	
  control	
  and	
  interferometric	
  measurement	
  
are	
  a	
  good	
  investment,	
  providing	
  an	
  arena	
  in	
  which	
  to	
  develop	
  
technologies,	
  gain	
  insight	
  into	
  the	
  measurement	
  process,	
  and	
  develop	
  
techniques	
  that	
  could	
  eventually	
  be	
  applied	
  to	
  future	
  integra-on	
  and	
  
tes-ng	
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Summary	
  of	
  Missions	
  considered	
  by	
  Team	
  X:	
  
Science	
  return,	
  risk,	
  and	
  cost	
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General	
  Findings	
  
•  Scien-fically	
  compelling	
  missions	
  can	
  be	
  carried	
  out	
  for	
  less	
  than	
  the	
  full	
  

LISA	
  cost.	
  	
  No	
  concepts	
  were	
  found	
  near	
  or	
  below	
  $1B	
  
•  Scaling	
  the	
  LISA	
  architecture	
  with	
  three	
  arms	
  down	
  to	
  the	
  SGO	
  Mid	
  

concept	
  preserves	
  compelling	
  science,	
  reduces	
  cost,	
  and	
  maintains	
  low	
  
risk	
  

•  Elimina-ng	
  a	
  measurement	
  arm	
  reduces	
  costs	
  moderately,	
  reduces	
  
science,	
  and	
  increases	
  mission	
  risk	
  

•  More	
  dras-c	
  changes,	
  such	
  as	
  elimina-ng	
  drag-­‐free	
  opera-on	
  or	
  adop-ng	
  
a	
  geocentric	
  orbit,	
  significantly	
  increase	
  risk,	
  and	
  the	
  associated	
  cost	
  
savings	
  are	
  uncertain	
  

•  Scien-fic	
  performance	
  decreases	
  far	
  more	
  rapidly	
  than	
  cost	
  
•  We	
  have	
  found	
  no	
  technology	
  that	
  can	
  make	
  a	
  drama-c	
  reduc-on	
  in	
  cost	
  
•  There	
  is	
  an	
  urgent	
  need	
  for	
  NASA	
  to	
  prepare	
  for	
  the	
  imminent	
  explora-on	
  

of	
  the	
  Universe	
  with	
  gravita-onal	
  waves,	
  leading	
  to	
  revolu-onary	
  science.	
  	
  
The	
  US	
  needs	
  a	
  sustained	
  and	
  significant	
  program	
  suppor-ng	
  technology	
  
development	
  and	
  science	
  studies	
  to	
  par-cipate	
  in	
  the	
  first	
  space-­‐based	
  
gravita-onal-­‐wave	
  mission	
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Cost	
  Es-mates:	
  Breakdowns	
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Team	
  X	
  Mission	
  Segment	
  Cost	
  Breakdown	
  

Team	
  X	
  Mission	
  Mission	
  Component	
  Development	
  Cost	
  Breakdown	
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Cost	
  Es-mates:	
  PI	
  vs	
  Team	
  X	
  es-mates	
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•  For	
  SGO	
  Mid:	
  Team	
  X	
  vs	
  RFI	
  Team	
  cost	
  differences	
  

•  For	
  Omega:	
  Team	
  X	
  vs	
  RFI	
  Team	
  cost	
  differences	
  

ContribuRon	
   Cost	
  delta	
  ($M)	
  

NLS-­‐II	
  vs	
  Falco:n	
  Heavy	
  launch	
  vehicle	
  difference	
   $164	
  

Learning	
  curve	
  for	
  RE	
  costs	
   $285	
  

Team	
  X	
  30%	
  cost	
  reserves	
  vs	
  white	
  paper	
  20%	
   $105	
  

Misc	
  small	
  differences	
  	
   	
  	
  $52	
  

Total	
   $500	
  

ContribuRon	
   Cost	
  delta	
  ($M)	
  

Sciencecrau	
  cost	
   $380	
  

Payload	
  costs	
   $180	
  

Launch	
  vehicle	
  (NLS-­‐II)	
   	
  	
  $80	
  

Assembly,	
  test,	
  and	
  launch	
  opera-ons	
   	
  	
  $80	
  

Con-ngency	
   $200	
  

Total	
   $920	
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Technology	
  Status	
  
•  Drag-­‐free	
  Iner-al	
  Reference	
  Technologies	
  

•  GRS:	
  flight	
  model	
  for	
  LPF	
  

•  Micronewton	
  thrusters	
  
–  CMNT	
  flight	
  model	
  for	
  LPF,	
  life-me	
  for	
  LISA	
  
–  FEEPs	
  undergoing	
  qualifica-on	
  

•  Control	
  laws:	
  both	
  NASA	
  and	
  ESA	
  have	
  developed	
  

•  Interferometric	
  Distance	
  Measurement	
  Technologies	
  
•  Phasemeter	
  

–  NASA	
  at	
  ~	
  TRL	
  5,	
  close	
  to	
  6	
  
–  ESA	
  accelerated	
  development	
  

•  Photoreceivers:	
  baseline	
  meets	
  requirements,	
  advanced	
  
devices	
  at	
  early	
  stage	
  but	
  promise	
  improvement	
  

•  Laser	
  system:	
  most	
  components	
  demonstrated,	
  complete	
  
system	
  level	
  demo	
  s-ll	
  needed	
  

•  Op-cal	
  bench:	
  LPF	
  flight	
  model	
  delivered,	
  LISA	
  bench	
  
designed	
  

•  Telescope:	
  US,	
  ESA	
  studies	
  in	
  progress	
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Black	
  Hole	
  Parameter	
  Es-ma-on	
  	
  
•  Intriguing	
  results	
  	
  

•  Very	
  small	
  constella-ons	
  benefit	
  from	
  rapid	
  modula-on	
  of	
  the	
  GW	
  signal	
  
•  Very	
  large	
  constella-ons	
  benefit	
  from	
  arm-­‐length	
  effects	
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SGO	
  High,	
  Large	
  Seeds	
  
SGO	
  High,	
  Small	
  Seeds	
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